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The authors evaluated indoor air pollution from coal combustion (IAPCC) as a potential risk factor for neural tube defects (NTDs) in a rural population in Shanxi Province, China. The studied rural population has both high IAPCC exposure and a high prevalence of NTDs. A population-based case-control study was used to identify 610 NTD cases and 837 normal controls between November 2002 and December 2007. Information was collected within 1 week following delivery or pregnancy termination due to prenatal NTD diagnosis. The authors derived an exposure index by integrating a series of IAPCC-related characteristics concerning dwelling and lifestyle. Compared with women with no IAPCC exposure, women with any exposure at all had a 60% increased risk of having a child with an NTD (adjusted odds ratio (OR) ¼ 1.6, 95% confidence interval (CI): 1.1, 2.1). An increased NTD risk was linked to both residential heating (adjusted OR ¼ 1.7, 95% CI: 1.1, 2.4) and cooking (adjusted OR ¼ 1.5, 95% CI: 1.1, 2.1). The risk increased with increases in the exposure index, showing a dose-response trend (P < 0.001). This is the first known study to link IAPCC to NTDs. Additional studies are needed to confirm the link between IAPCC and NTDs. air pollution, indoor; China; coal; neural tube defects; polycyclic hydrocarbons, aromatic Abbreviations: CI, confidence interval; IAPCC, indoor air pollution from coal combustion; NTDs, neural tube defects; OR, odds ratio; PAHs, polycyclic aromatic hydrocarbons.
Indoor air pollution caused by the use of solid fuel (coal or biomass) is a major public health challenge in developing countries, where a substantial proportion of the population relies on such fuels for their domestic energy needs (1) . In China, more than 70% of households rely on solid fuels for cooking and residential heating (2) . While use of biomass fuel has remained relatively constant over the past 20 years in China, coal use in rural homes has tripled (3) . Given the limited reserves of petroleum and natural gas and the relative abundance of coal, it is likely that this coal-based energy structure will persist for many years to come in China.
The combustion of coal and biomass indoors emits a substantial amount of toxic pollutants, including particulate matter, polycyclic aromatic hydrocarbons (PAHs), carbon monoxide, nitrogen oxides, and sulfur dioxide (4) . People living in households relying on coal-based heating or cooking may experience a high level of exposure to pollutants, particularly women and young children who spend a large proportion of their time indoors. Indoor pollution from coal smoke has been implicated as a causative agent in lung cancer, especially among nonsmoking women (5) .
Emerging evidence suggests that ambient air pollution may contribute to birth defects (6-13). These findings linking outdoor air pollution to birth defects may be particularly relevant for rural China, where women are exposed to substantial levels of indoor air pollution from solid fuels. However, little information is available about the role of such indoor exposures in the etiology of birth defects.
Shanxi Province possesses abundant coal reserves and is the leading coal-producing province in China. Almost all local rural Shanxi households use coal for their residential heating and cooking needs. Exposure to substantial levels of indoor air pollution from coal combustion (IAPCC) is highly prevalent in the Shanxi population (14) (15) (16) . In addition, Shanxi Province has the highest prevalence of neural tube defects (NTDs) worldwide, at 10-20 cases per 1,000 births in some counties (17, 18) . The Shanxi population provides a unique opportunity to assess the association of IAPCC with the risk of NTDs.
MATERIALS AND METHODS

Location and population
This study was conducted in 4 rural counties (Pingding, Xiyang, Taigu, and Zezhou) in Shanxi Province. The total number of births per year in the study area is approximately 10,000. A population-based birth defect surveillance system, which has been previously described (17) , was established in this area in 2002. The surveillance system monitors major external structural birth defects through active case ascertainment. Cases in the study included liveborn infants, stillborn infants (fetal death at 20 weeks' gestation), and prenatally diagnosed, electively aborted fetuses of mothers residing in the study areas. County health workers verified the diagnoses by physical examination of the fetal body for all pregnancy outcomes and filled out a reporting form for each case. We requested photographs of every infant born with a suspected birth defect, if available. Pediatricians at Peking University reviewed all case report forms and photographs before assigning final diagnostic codes. Each case was also classified as either isolated, if there was no concurrent major malformation, or nonisolated, if there was at least 1 accompanying major external malformation.
Using data gathered from the surveillance system, an ongoing population-based case-control study was initiated to explore potential risk factors for external structural birth defects in the study area (19) . When an infant was identified as having any major external malformation, a newborn control without any external structural birth defects was matched to the case infant by county, sex, maternal ethnic group, and date of conception (as close as possible). Trained health-care workers conducted face-to-face interviews with the mothers of the cases and controls within 1 week of delivery to collect exposure information using a structured questionnaire. Data were collected on maternal demographic characteristics, lifestyle, illness, medication use, and the use of folic acid supplements. A series of questions related to cooking and heating at home were asked to assess exposure status with respect to IAPCC during the periconceptional period. The participation rate was more than 80% for both case mothers and control mothers. The study protocol was approved by the institutional review board of Peking University. All participants provided written informed consent.
NTD cases identified between November 2002 and December 2007 were included in the study analysis. To increase statistical power, all controls, including controls for NTDs as well as for other major external structural malformations, were included in the analysis. A total of 1,503 participants (637 NTD cases and 866 controls) were available during the study period. We excluded 52 infants (3.5%) with missing data on questions related to IAPCC and 4 infants (0.3%) whose families used biomass as their primary fuel for cooking and heating (biomass exposure may also be a risk factor but was not analyzed because of the small numbers of available biomass-only exposure subjects). Following these exclusions, 610 NTD cases (277 anencephaly, 289 spina bifida, and 44 encephalocele) and 837 controls were available for analysis.
Exposure assessment
Mothers answered a series of 8 questions related to their cooking and heating activities during the periconceptional period, from 1 month before conception to 2 months after conception, to characterize their exposure to IAPCC, including frequency of cooking in the kitchen, primary fuel used for cooking, whether the kitchen was separated from the living room or bedroom, whether their periconceptional period fell within the heating season, whether a coal stove was used for heating, whether the stove was placed in the living room or bedroom, the primary fuel used for heating, and the frequency of house ventilation during the heating season. (The questions and their response options are listed in the Web Appendix, which is posted on the Journal's Web site (http://aje.oxfordjournals.org/).) These questions served as proxy measures for IAPCC in the living environment. We identified 3 potential exposure sources and assigned an exposure value for each source according to the mothers' responses to these questions, as follows.
1. Cooking exposure: When the primary home cooking fuel used was coal, the kitchen exposure value was recorded as 2 if the mother had cooked daily or 1 if the mother had cooked occasionally; otherwise, it was recorded as 0. 2. Attached kitchen exposure: When the primary home cooking fuel was coal and the kitchen was not separated from the living room or bedroom, the attached kitchen exposure value was recorded as 1; otherwise, it was recorded as 0. 3. Heating exposure: When the periconceptional period fell within the heating season, the primary home heating fuel was coal, and a coal stove was used for heating in the living room or bedroom, the heating exposure value was recorded as 2 if the house was almost never ventilated or 1 if the house was occasionally ventilated; otherwise, the value was recorded as 0.
We formed an IAPCC exposure index by summing the exposure values for all individual indoor air pollution sources. The index assumed that the effects of coal smoke were cumulative across the various exposure sources.
Statistical analysis
The original study used a pair-matching design, but for this analysis the matching was broken in order to increase statistical power. Therefore, we used an unmatched analysis to estimate the association between IAPCC and NTDs. We analyzed the IAPCC index as both an ordinal variable and a categorical variable to comprehensively elucidate the exposure effects and any linear trends. Risk was estimated by means of the odds ratio, and the precision of the odds ratio was characterized by its 95% confidence interval. We used v 2 trend tests and logistic regression with the IAPCC index as an ordinal variable to evaluate the relation between increased exposure to IAPCC and the risk of NTDs. Multivariable logistic regression was used to estimate an adjusted odds ratio controlling for the original matching variables and some potentially confounding variables. The matching variables included county of residence (Zezhou, Pingding, Xiyang, or Taigu), season of conception (spring, summer, autumn, or winter), maternal ethnic group (Han/other), and infant sex (male/female). The potentially confounding variables included maternal age (<20, 20-34, or 35 years), education (primary school or less, more than primary school), multiparity (yes, no), multiple births (yes, no), history of pregnancy affected by birth defects (yes, no), maternal influenza or fever (yes, no), and passive smoking (yes, no) during the periconceptional period. These variables were chosen because they were significantly associated with NTD risk in the univariate analysis at the P < 0.05 level. All data were analyzed using SPSS 11.5 (SPSS, Inc., Chicago, Illinois).
RESULTS
The demographic characteristics of the study population are presented in Table 1 . Nearly all mothers were of Han ethnicity. Most of the mothers were aged 20-34 years and had not taken folic acid supplements during their periconceptional period. Compared with control mothers, case mothers were more likely to be aged <20 years or 35 years, to have a primary school or lower education, to be multiparous, to have had multiple births, to have a history of pregnancy affected by birth defects, to have influenza or fever, and to have been passively exposed to smoking during the periconceptional period. No significant differences were found between the case and control groups for any other characteristics. Table 2 shows the distribution of variables related to cooking and heating in the case and control groups. More than 80% of households utilized coal as their primary domestic fuel for cooking, and nearly all families (>99%) used coal for residential heating. Compared with control mothers, NTD case mothers were more likely to use coal as their primary fuel (relative to nonbiomass solid fuels), to have a higher frequency of cooking in the kitchen, to use a coal stove for heating, to have a coal stove in the living room/ bedroom, and to ventilate the living room/bedroom less frequently. All of these items indicate a higher IAPCC exposure in the NTD group. Table 3 shows the association between the IAPCC exposure index and the risk of NTDs. Overall, 80.2% of case mothers and 72.9% of control mothers had IAPCC exposure during the periconceptional period. IAPCC exposure was associated with a 60% increase in NTD risk relative to no exposure (adjusted odds ratio (OR) ¼ 1.6, 95% confidence interval (CI): 1.1, 2.1). Both crude and adjusted odds ratios tended to increase with increasing score on the exposure index, demonstrating a clear linear trend (P < 0.001). Similar results were observed for anencephaly and spina bifida when these defects were analyzed separately (data not shown).
We further analyzed the association of NTDs with each of the 3 different exposure sources separately to understand their respective effects (Table 4 ). An increased risk of NTDs was associated with IAPCC exposure from heating (adjusted OR ¼ 1.7, 95% CI: 1.1, 2.4) and from cooking (adjusted OR ¼ 1.5, 95% CI: 1.1, 2.1) but not with exposure from having a kitchen attached to the living room/bedroom (adjusted OR ¼ 1.1, 95% CI: 0.7, 1.6). Approximately 70% of women in the study were exposed to IAPCC from a cooking source, while less than 20% of women were exposed to IAPCC from a heating source.
We further examined the IAPCC index as an ordinal variable to analyze its association with each type of NTD. As Table 5 shows, a 1-unit increase in the exposure index was significantly associated with a 30% increased overall risk of NTDs (adjusted OR ¼ 1.3, 95% CI: 1.1, 1.5) and a 20%-40% increase in the risk of the various subtypes of NTDs.
DISCUSSION
In this population-based case-control study, we found that among a rural population in Shanxi Province, maternal exposure to indoor coal smoke was significantly associated with an increased risk of anencephaly, spina bifida, and NTDs overall. The NTD risk increased with increases in the exposure index. IAPCC exposures from heating and cooking were both linked to increased NTD risk.
Maternal active or passive cigarette smoking during pregnancy has long been associated with several birth defects, including NTDs (19) (20) (21) (22) . In recent years, outdoor air pollution has also been linked to some birth defects (6-13). Most of the deleterious pollutants in urban air pollution, tobacco smoke, or biomass smoke, such as PAHs, carbon monoxide, and heavy metals, are also prominent in coal smoke. Because of decreased dispersal or photo-degradation, some pollutants exist at even higher levels indoors in rural households of China. Thus, there is good reason to expect that this pollution exposure would affect pregnancy outcomes in these settings. Chronic exposure to PAHs may be the primary mechanism by which coal smoke increases the risk of NTDs. PAHs are the most common complex mixtures in coal smoke. Some PAHs, such as benzo(a)pyrene, are well-known human carcinogens and also demonstrate teratogenic effects in animal studies (23) (24) (25) . Our previous studies indicated very high levels of benzo(a)pyrene pollution in local households, (Han, other) ; infant sex (male, female); maternal age (<20 or 35 years, 20-34 years); maternal education (primary school or less, more than primary school); multiparity (yes, no); multiple births (yes, no); history of pregnancy affected by birth defects (yes, no); maternal influenza or fever (yes, no); and passive smoking during the periconceptional period (yes, no).
b Reference category. c Exposure index scores 1-5 combined. Abbreviations: CI, confidence interval; IAPCC, indoor air pollution from coal combustion; OR, odds ratio. a An exposure index score of 0 was the reference category. b Adjusted for county of residence (Zezhou, Pingding, Xiyang, Taigu); season of conception (spring, summer, autumn, winter); maternal ethnic group (Han, other); infant sex (male, female); maternal age (<20 or 35 years, 20-34 years); maternal education (primary school or less, more than primary school); multiparity (yes, no); multiple births (yes, no); history of pregnancy affected by birth defects (yes, no); maternal influenza or fever (yes, no); passive smoking during the periconceptional period (yes, no); and the 3 exposure sources (heating, cooking, and attached kitchen; yes, no).
c Exposure index scores 1 and 2 combined.
especially in the winter. Of the 48 pairs of samples collected from kitchens and bedrooms in winter, 97.9% and 93.8% of samples exceeded recommended national standards for indoor air benzo(a)pyrene levels (1 ng/m 3 ), and the median concentration reached 15.0 ng/m 3 in kitchen samples and 11.84 ng/m 3 in bedroom samples. Even in summer, 63.3% of kitchens had a benzo(a)pyrene concentration that was over national standards (14) . A comparison study indicated that the median PAH content of high-molecular-weight (4 ring and larger) compounds in the settled house floor dust in the rural households of Shanxi Province (162 lg/m 2 ) was 40-fold higher than what has been recorded in Azerbaijan (2.9 lg/m 2 ) and more than 200-fold higher than reported levels in Texas (0.11 lg/m 2 ). The surface loadings of carcinogenic PAHs followed the same trend, with median loading being 50-fold higher in China than in Azerbaijan and levels of carcinogenic PAHs being below detection limits in most of the Texas samples (15) . High levels of genotoxic mixtures of PAHs were detected in the settled dust of the average rural households sampled in Shanxi Province (16) . A recent case-control study in this population showed that the mothers of newborn children with an NTD exhibited significantly elevated levels of PAHs in their blood as compared with the levels observed in normal controls. However, the study did not indicate a correlation with PAH-DNA adducts, which may suggest a possible nongenotoxic mechanism (26) .
Other suspected pollutants from domestic coal combustion that may be involved in the increased risk of NTDs include carbon monoxide and some toxic heavy metals such as arsenic and lead. Carbon monoxide reduces the capacity of the blood to carry oxygen to the body tissues by binding to hemoglobin and forming carboxyhemoglobin. Experimental studies have demonstrated that chronic low-level maternal carbon monoxide exposure may decrease the metabolism of xenobiotics such as benzo(a)pyrene, interfere with the metabolic and transport functions of the placenta, and have a toxic effect on the developing nervous system of rats (6, 27) . Arsenic and lead are neurotoxins. While the risks of human maternal exposure to arsenic or lead during pregnancy are not well known, studies involving pregnant animals exposed to the metals have linked them to a variety of congenital malformations, including NTDs (13) .
Our study showed that exposure to indoor air pollution from both heating and cooking sources contributed significantly to an increased risk of NTDs. In the study population, more than 85% of kitchens are separated from living areas with poor ventilation. Although the time spent in the kitchen is relatively short, the kitchen is significantly more polluted than the living area (14) . In addition, the percentage of women exposed to cooking source pollution (approximately 70%) was far higher than that of women exposed to heating source pollution (<20%) because heating was only required in the winter and most households had relatively good ventilation in the living area. Domestic cooking is an important duty of most local housewives, and most women usually persist in this cooking role throughout pregnancy. Our results showed that more than 80% of the women cooked frequently, and approximately 50% of them had cooked daily during the periconceptional period. Chen et al. (28) found that cooking frequency was associated with higher levels of urinary 1-hydroxypyrene in Chinese women, indicating that a higher PAH exposure was also associated with frequent cooking. Therefore, cooking exposure may play an important role in the development of NTDs in the rural population of Shanxi Province.
Tobacco smoking is another source of indoor air pollution. In China, approximately 2 of every 3 adult men are regular smokers, whereas very few women smoke actively. Passive smoking, however, is widespread in China. In the Abbreviations: CI, confidence interval; IAPCC, indoor air pollution from coal combustion; NTD, neural tube defect; OR, odds ratio.
a Odds ratio for a 1-unit change in IAPCC exposure index score. b Adjusted for county of residence (Zezhou, Pingding, Xiyang, Taigu); season of conception (spring, summer, autumn, winter); maternal ethnic group (Han, other); infant sex (male, female); maternal age (<20 or 35 years, 20-34 years); maternal education (primary school or less, more than primary school); multiparity (yes, no); multiple births (yes, no); history of pregnancy affected by birth defects (yes, no); use of folic acid supplements (yes/no); maternal influenza or fever (yes, no); and passive smoking during the periconceptional period (yes, no).
c Associated with other major external structural birth defects.
study population, less than 2% of women were active smokers, whereas some 60% of women had been passively exposed to tobacco smoke during the periconceptional period. Our previous study demonstrated that maternal passive smoking was associated with an increased risk of NTDs (19) . When this potential confounder was included in the multivariate model used here, the risk of NTDs attributed to IAPCC was not substantially changed. It is noteworthy that the effect estimate for heating source index level 2 decreased from 4.1 to 1.6 with adjustment ( Table 4 ). The dramatic change may be related to the close correlation between heating exposure and the variable ''influenza or fever.'' The 2 factors are both related to heating season and poor ventilation. If this ''influenza or fever'' factor was removed from the final adjustment model, the effect estimate for the index level 2 heating source variable was 3.0 (95% CI: 1.2, 7.7) (data not shown).
Our study had several strengths. The study was populationbased, with a relatively large sample size, a high participation rate, and adjustment for several potential confounders. The very high prevalence of NTDs in the study population increased the likelihood of identifying important risk factors. The study population was relatively homogeneous. All birth defect cases were reviewed by pediatricians at Peking University using clinical descriptions and photographs. This additional review decreased the likelihood of misclassification. Our study considered all types of pregnancies affected by NTDs, including elective terminations due to prenatal diagnosis. Participants were interviewed within the first week after delivery or pregnancy termination, and the interviewers helped them to confirm the period of exposure according to the dates of their last menstrual period. Therefore, misclassification due to exposure timing was minimized. To our knowledge, this study was the first to assess the effects of IAPCC and the risk of NTDs in a Chinese population.
Our study had several limitations. As in any other casecontrol study, recall bias is a major concern. Case mothers may tend to overreport factors they believe to have influenced their NTD-affected pregnancies in comparison with control mothers. However, because there have been no published scientific reports regarding the possible association between indoor air pollution and the risk of NTDs so far, and because the interval from birth or pregnancy termination to interview was relatively short, any recall bias should have been minimal. In our questionnaire, potential data indicating IAPCC exposure were distributed throughout several separate and relatively objective questions about dwelling or lifestyle around the time of conception. Therefore, it is unlikely that recall bias substantially affected our results. In our study, one of the matching criteria for control selection was the date of conception. This criterion was originally designed to control for the effect of seasonal dietary variation. However, because heating is highly correlated with season, matching by date of conception may lead to overmatching, resulting in underestimation of the effect of IAPCC. Questions about dwelling and lifestyle characteristics are indirect measures of coal smoke exposure and may not accurately reflect individual exposure. Ventilation during cooking was not investigated; thus, its effect on the exposure index could not be estimated. These limitations could have resulted in nondifferential exposure misclassification and therefore weakened the true association. In addition, the IAPCC exposure index was newly created for use in this study and has not been validated in other studies. Therefore, it may need to be validated with other data sets and in other settings in the future. In this study, information on dietary folate intake was not collected, preventing us from adjusting for its potentially confounding effect. However, the diet of the local residents is not very diverse. Variation in folate intake from diet cannot explain the observed association between IAPCC exposure and NTD risk.
China has the largest coal production and consumption in the world. IAPCC is a major public health issue in rural China because of the abundant use of coal and low awareness of potential health risks among the population. Women may experience high IAPCC exposure because of the large amount of time they spend both indoors and cooking. Our results, together with evidence of the association of other negative pregnancy outcomes with IAPCC, may draw more attention to the potential damage caused by IAPCC in rural China. The intriguing findings of our study warrant further research. More powerful study designs are necessary to confirm the association between IAPCC and NTDs and to understand which contaminants, if any, in this process might render exposed women more susceptible to NTD-affected pregnancies.
